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RED BLOOD CELL STORAGEMEDIUMFOR 
EXTENDED STORAGE 

REFERENCE TO OTHERAPPLICATIONS 

This patent application claims the benefit of U.S. Provi 
sional Patent Application Ser. No. 61/038,536, filed Mar. 21, 
2008, and U.S. Provisional Patent Application Ser. No. 
61/096,534 filed Sep. 12, 2008, both of which are incorpo 
rated by reference in their entirety. 

FIELD OF THE DISCLOSURE 

The present disclosure relates to storage solutions for 
blood components such as red blood cells. More particularly, 
the present disclosure relates to storage Solutions that allow 
red blood cells to preserve functionality for an extended 
period of time such as, but not limited to, at least 35 days in 
storage even when the red blood cells are prepared from 
whole blood that is held for at least several hours prior to 
processing. 

DESCRIPTION OF RELATED ART 

Methods of preparing red blood cells from whole blood as 
well as methods of storing red blood cells for later transfusion 
to a patient are well known. Various synthetic Solutions useful 
for the storage ofred blood cells are disclosed, for example, in 
U.S. Pat. No. 5,250.303 (Meryman), U.S. Pat. No. 5,906,915 
(Payrat et al.) and U.S. Pat. No. 6,150,085 (Hess et al.) which 
are incorporated herein by reference in their entirety. Other 
storage solutions for red blood cells include Adsol, SAG and 
SAG-M which are respectively disclosed in U.S. Pat. No. 
4.267.269, Högman et al., New England Journal of Medicine, 
Dec. 21, 1978: 229 (25); 1377-82 and European Published 
Patent No. 0044864, the disclosures of which are incorpo 
rated herein by reference in their entirety. For example, Hög 
man et al. (above) describe a storage solution (SAG) contain 
ing (in 100 mls), 877 mg of sodium chloride, 16.9 mg of 
adenine, and 900 mg of glucose which may be added to 
packed red blood cells prepared from one unit of blood to 
increase the storage life of the red blood cells. European 
Published Patent No. 0 044864 discloses SAG-M in which 
the concentration of glucose (or fructose) is increased and 
mannitol is added to a conventional SAG solution. 

BACKGROUND 

Whole blood is made up of various cellular components 
Such as red cells, white cells and platelets Suspended in its 
liquid component, plasma. Whole blood can be separated into 
its constituent components (cellular or liquid), and the sepa 
rated component can be administered to a patient in need of 
that particular component. For example, red blood cells may 
be separated from the whole blood of a healthy donor, col 
lected, and later administered to a patient. 
Commonly, more than one component of blood is prepared 

from a unit of whole blood. For instance, red blood cells, 
plasma and platelets may all be prepared from the same unit 
of whole blood. Protocols used to prepare blood components 
often involve the addition of an anticoagulant containing 
citrate such as, but not limited to, citrate phosphate dextrose 
(CPD) to the collected whole blood. However, the optimal 
protocol for the preparation and storage of one component 
may often differ from the protocol for the preparation and 
storage of another component. For instance, units of whole 
blood used to prepare platelets are typically stored at room 
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2 
temperature, approximately 20-24°C., often approximately 
22°C., before processing, while storage at approximately 4° 
C. is optimal for the preparation of red blood cells. 
At blood processing centers or similar locations, it is often 

convenient to accumulate a large number of units of whole 
blood before separating (i.e., processing) the blood compo 
nents. The processing of multiple units of blood at one time, 
for example, in the morning of the day following collection 
reduces processing costs and also ensures uniformity of 
preparations. For example, staff for processing the blood may 
be required only during business hours (rather than requiring 
staff to work after business hours to process blood collected 
that same day) and a consistent routine may be readily devel 
oped. However, whole blood may be held for at least 8 hours 
and up to 26 hours before processing and separation of blood 
components when this procedure is followed. 

While holding blood overnight provides logistical and 
staffing benefits to the blood center, the holding of blood for 
8 or more hours is not without its drawbacks when it comes to 
preserving or maintaining the functionality of certain com 
ponents, such as red blood cells. For example, compared to 
samples in which whole blood was held for only 8 hours or 
less at room temperature before the preparation of red blood 
cells, holding whole blood at room temperature overnight, 
which is at least 8 hours and may be up to 26 hours, generally 
is associated with the reduction of 2,3-DPG (2,3-diphospho 
glycerate) to very low levels, an initial increase in ATP levels 
followed by a steady decline during Storage at 4°C., and 
reduced levels of extracellular potassium when the cells are 
stored in a red cell storage solution. Even within the 8-hour 
range, rapid cooling of whole blood to room temperature is 
recommended if the hold temperature will be beyond 4 hours 
to avoid initial loss of 2.3-DPG. (Högman et al., Transfusion. 
1999; 39 (5):492-497). These effects of holding of whole 
blood before processing may be a consequence of an asso 
ciation between the rate of synthesis of 2.3-DPG and the 
intracellular pH of red blood cells where breakdown of 2,3- 
DPG is favored below pH 7.2. (Hess et al., Transfusion 2002: 
42: 747-752.) 

In addition, compared to storage at cooler temperatures, 
the increased metabolism of red blood cells stored at room 
temperature results in increased production of lactic acid (and 
also attemperatures above room temperature) resulting in a 
rapid fall to lower pH levels. While storage of whole blood at 
4° C. and the consequent reduction of red blood cell meta 
bolic rate may delay this effect, platelets, on the other hand, 
cannot be prepared from blood stored at 4°C. 

Consequently, the preparation of red blood cells and plate 
lets from the same unit of whole blood that has been held at 
room temperature until processing may impair the function 
ality of the red blood cells and reduce the time that the red 
blood cells may be stored. Therefore, it would be desirable to 
provide a storage solution that allows the long term storage of 
red blood cells prepared from whole blood that has been held 
at room temperature (20-24°C.) for extended periods of time 
before processing. 

SUMMARY 

In one aspect, the present disclosure is directed to an aque 
ous storage solution for red blood cells that includes about 1 
mM to about 2.2 mMadenine, about 20 mM to about 110 mM 
mannitol, about 2.2 mM to about 90 mM sodium citrate, 
about 16 mM to about 30 mM sodium phosphate dibasic, and 
about 20 mM to about 70 mM glucose where the pH of the 
aqueous storage solution is above about 8.0. 
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In another aspect, the present disclosure is directed to a red 
blood cell composition that includes an amount of red blood 
cells; and an aqueous storage solution, where the aqueous 
storage solution includes about 1 mM to about 2.2 mM 
adenine, about 20 mM to about 110 mM mannitol, about 2.2 
mM to about 90 mM sodium citrate, about 16 mM to about 30 
mM sodium phosphate dibasic, and about 20 mM to about 70 
mM glucose, where the pH of the aqueous storage solution is 
above about 8.0 

In another aspect, the present disclosure is directed to 
methods for storing red blood cells including providing a unit 
of anticoagulated whole blood, holding the whole blood from 
about four hours to about twenty-six hours; separating the red 
blood cells from the whole blood; and adding to the separated 
red blood cells an aqueous storage solution wherein the aque 
ous storage solution includes 1 mM to about 2.2 mMadenine, 
about 20 mM to about 110 mM mannitol, about 2.2 mM to 
about 90 mM sodium citrate, about 16 mM to about 30 mM 
sodium phosphate dibasic; and about 20 mM to about 70 mM 
glucose where the pH of the aqueous storage Solution is above 
about 8.0. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIGS. 1(A)-(D) illustrate graphically the extracellular pH 
of red blood cell preparations (compositions) stored in an 
aqueous storage solution described herein and a known Stor 
age Solution versus time (days) storage where the whole 
blood was first held for (A) 8 hours, (B) 12 hours, (C) 16 
hours, and (D) 19 hours. 

FIGS. 2(A)-(D) illustrate graphically the glucose levels 
(mmol/L) of red blood cell preparations stored in an aqueous 
storage Solution described herein and a known storage solu 
tion versus time (days) of storage where the whole blood was 
held for (A) 8 hours, (B) 12 hours, (C) 16 hours, and (D) 19 
hours. 

FIGS. 2(E)-(H) illustrate graphically the lactate levels 
(mmol/L) of red blood cell preparations stored in an aqueous 
storage Solution described herein and a known storage solu 
tion versus (days) of storage for samples where the whole 
blood was held for (E) 8 hours, (F) 12 hours, (G) 16 hours, and 
(H) 19 hours. 

FIGS. 3(A)-(D) illustrates graphically the ATP concentra 
tions (umol/g Hb) of red blood cell preparations stored in an 
aqueous storage Solution and a known storage solution 
described herein Versus time (days) of storage for Samples 
where the whole blood was held for (A) 8 hours, (B) 12 hours, 
(C) 16 hours, and (D) 19 hours. 

FIGS.3(E)-(H) illustrates graphically the 2-3DPG concen 
trations (mol/mol Hb) of red blood cell preparations stored in 
an aqueous storage solution as described herein and a known 
storage solution versus time (days) of storage for Samples 
where the whole blood was held for (E) 8 hours, (F) 12 hours, 
(G) 16 hours, and (H) 19 hours. 

FIGS. 4(A)-(D) illustrates graphically the extracellular 
potassium concentration (mmol/L) of red blood cell prepara 
tions stored in an aqueous storage solution described herein 
and a known storage solution versus time (days) of storage for 
samples where the whole blood was held for (A) 8 hours, (B) 
12 hours, (C) 16 hours, and (D) 19 hours. 
FIGS. 5(A)-(D) illustrates graphically ATP levels 

expressed as a mean percentage of initial values of red blood 
cell preparations stored in an aqueous storage solution 
described and a known storage solution herein Versus time 
(days) of storage for samples where the whole blood was held 
for (A) 8 hours, (B) 12 hours, (C) 16 hours, and (D) 19 hours. 

10 

15 

25 

30 

35 

40 

45 

50 

55 

60 

65 

4 
FIG. 6 illustrates graphically ATP levels (umol/g Hb) ver 

sus time (days) for red blood cell preparations stored in an 
aqueous Solution described herein. 

FIG. 7 illustrates graphically percent hemolysis versus 
time (days) for red blood cell preparations stored in an aque 
ous solution described herein. 

FIG. 8 illustrates graphically glucose levels (mmol/L) ver 
sus time (days) for red blood cell preparation stored in an 
aqueous Solution described herein. 

FIG. 9 illustrates graphically lactate levels (mmol/L) ver 
sus time (days) for red blood cell preparation stored in an 
aqueous Solution described herein. 

FIG. 10 is a plan view of a disposable tubing and container 
set useful in the processing of red blood cells. 

FIG.11(A)-(D) illustrates graphically levels of extracellu 
lar potassium expressed per unit of blood for red blood cell 
preparations stored in an aqueous solution described herein. 

FIG. 12 illustrates graphically levels of hemolysis for red 
blood cell preparations stored in an aqueous Solution 
described herein. 

DESCRIPTION OF THE ILLUSTRATED 
EMBODIMENTS 

The embodiments disclosed herein are intended to provide 
only a general description of the aqueous storage solution and 
methods and apparatus for storing blood components that are 
the subject of this disclosure. These embodiments are only 
exemplary, and may be provided in various forms. Therefore, 
specific details disclosed herein are not to be interpreted as 
limiting the subject matter of the present disclosure or the 
appended claims. 
The aqueous storage solution and its method of use 

described herein are useful for the extended storage of red 
blood cells (e.g. approximately 35 days or greater) that have 
been separated from whole blood. The solution disclosed 
herein is particularly useful for the extended storage of red 
blood cells that have been separated from whole blood that 
has been held for periods, such as 4 hours, 8 hours or more 
than 8 hours, including up to 26 hours. 
The aqueous storage solution and its method of use are 

generally applicable to the storage of red blood cells that have 
been manually separated from whole blood or have been 
separated using automated collection devices such as the 
Alyx Separator manufactured and sold by Fenwal Inc. of 
Lake Zurich Ill. and generally described in U.S. Pat. Nos. 
6,348,156; 6,857, 191; 7,011,761; 7,087,177 and 7,297.272 
and U.S. Patent Application Publication No. 2005/0137516, 
all of which are incorporated herein by reference. 

In one embodiment, an aqueous red blood cell storage 
medium is provided that includes nutrients, buffers and salts. 
The synthetic red blood cell storage Solution may be an aque 
ous solution which may include about 3 mM to about 90 mM 
sodium citrate; about 15 mM to about 40 mM sodium phos 
phate; about 20 mM to about 140 mM dextrose; about 20 mM 
to about 110 mM mannitol; and about 1 mM to about 2.5 mM 
adenine; the storage solution may have a pH of from about 8.0 
to about 9.0. The osmolarity of the solution may be from 
about 200 mOsm/1 to about 320 mOsm/1. The storage solution 
may optionally contain from about 10 mM to about 100 mM 
acetate. Optionally, guanosine may also be present in the 
storage solution from about 0.1 mM to about 2 mM. In addi 
tion, gluconate may be present from about mM to about 40 
mM. Optionally, a combination of acetate and gluconate may 
be used. 
As discussed above, in one embodiment, Sodium citrate 

may be present from about 3 mM to about 90 mM. More 
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particularly, the sodium citrate may be present from about 15 
mM to about 70 mM, or from about 18 mM to about 35 mM. 

Sodium phosphate may be present from about 15 mM to 
about 40 mM. More particularly, the sodium phosphate may 
be present from about 13 mM to about 30 mM, and more 
typically from about 20 mM to about 28 mM. Examples of 
sodium phosphate include (but are not limited to) trisodium 
phosphate, sodium phosphate dibasic and sodium phosphate 
monobasic. For example, 100 mls of a storage Solution having 
25 mM sodium phosphate with a pH of approximately 8.4 
may contain 355 mg of sodium phosphate dibasic anhydrous 
(NaHPO). It will be understood that the pH of the storage 
solution disclosed herein may be adjusted by the amount of 
the various forms of Sodium phosphate (for example, 
monobasic sodium phosphate, dibasic sodium phosphate, 
and/or trisodium phosphate) included in the solution. 
The pH of the storage solution may be from about 8.0 to 

about 9.0. More particularly, the pH may be from about 8.1 to 
about 8.8, or from about 8.3 to about 8.5. 
The storage Solution may also include an amount of dex 

trose (glucose). In one embodiment, the dextrose may be 
present from about 20 mM to about 90 mM. More particu 
larly, the dextrose may be present from about 25 mM to about 
75 mM, and more typically from about 35 mM to about 60 
mM. 
The storage solution described herein may also include 

from about 20 mM to about 110 mM mannitol. In one 
embodiment, the mannitol may be present from about 25 mM 
to about 90 mM, and more typically from about 30 mM to 
about 60 mM. 

In one embodiment, the storage solution may also include 
from about 1 mM to about 2.5 mMadenine. More particu 
larly, the adenine may be present from about 1.2 mM to about 
2.3 mM, and more typically from about 1.3 mM to about 2.1 
mM. 
One difficulty that is encountered with storage solutions is 

in the sterilization of the solutions. Dextrose is known to 
degrade (caramelize) under autoclaving (heat) sterilization 
conditions unless it is maintained in an acidic medium. To 
allow heat sterilization, such as autoclaving, of the dextrose 
Solution, the dextrose Solution is preferably acidic e.g., a 
7.5% solution with a pH between about 4 to about 6. In some 
embodiments, dextrose, may be stored in a concentrated Solu 
tion separately from some or all of the buffered physiological 
salts of the storage solution. As shown in (FIG. 10), dextrose 
may be provided in container 10 while the remaining com 
ponents may be stored as a solution in container 12. By 
breaking cannula 15, dextrose solution from container 10 
may be introduced into container 13. By breaking cannula 16, 
the remaining components in container 12 are likewise intro 
duced into container 13 by passing the components through 
now empty container 10. The now reconstituted aqueous Stor 
age solution in container 13 may then be combined with the 
packed red blood cells to provide a red blood cell composi 
tion. Alternatively, one may separately introduce the contents 
of containers 10 and 12 into the red blood cells without prior 
reconstitution. 
An anticoagulant including citrate is typically added to the 

whole blood prior to processing of the whole blood and its 
separation into blood components. For example, Citrate 
Phosphate-Dextrose or CPD is a commonly used anticoagul 
lant. A unit of whole blood, (450+50 ml per unit) can be 
collected by methods known to those of skill in the art and 
about 60 mls to about 70 mls of CPD then being added to each 
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6 
unit of whole blood. As the aqueous red blood cell storage 
Solution disclosed herein includes dextrose and phosphate in 
Some embodiments, the citrate anticoagulant added to whole 
blood before processing may consist of citrate without phos 
phate and dextrose, or citrate with phosphate but without 
dextrose. 

In some embodiments, cooling plates may be used after 
blood collection to reduce the temperature of the whole blood 
from body temperature, about 37°C., to room temperature, 
about 20° C. to about 24°C. 
To efficiently prepare blood components, the required units 

of blood are typically accumulated and then processed. Con 
sequently units of whole blood are often held for periods of 
time until the desired number of units have been accumulated 
and Sufficient resources are available to begin processing. In 
addition, often more than one blood component is prepared 
from whole blood, e.g., both red blood cells and platelets. 
Platelets may only be prepared from blood held at room 
temperature and, in practice, units of whole blood are often 
held at room temperature until both red blood cells and plate 
lets will be prepared, although this may not be optimal for the 
red blood cells. Whole blood may be held for greater than 4 
hours, typically 8 or more hours and even 20-26 hours at room 
temperature (from about 20° C. to about 24°C.) before pro 
cessing. 

In the preparation of red blood cells, leukocyte reduction 
filters may be used for leukocyte-reduction of whole blood 
units and/or various fractions prepared from units of whole 
blood. Red blood cells may be concentrated by standard 
methods known to one of skill in the art. For example, cen 
trifugation may be used to prepare both a concentrated red 
blood cell fraction and plasma. 
The disclosed red blood cell storage solution may be added 

to concentrated red blood cells prepared from whole blood. In 
one embodiment from about 50 mls to about 200 mls of 
storage solution may be added to concentrated red blood cells 
prepared from one unit of whole blood. More particularly, 
from about 75 mls to about 180 mls may be added, or from 
about 90 mls to about 120 mls may be added. Preferably, and 
as discussed in greater detail below, approximately 100 to 110 
mls of the red cell storage solution disclosed herein are added 
to red blood cells derived from one unit of whole blood, 
generally 280 to 350 mls of packed red blood cells. 

Table 1 sets forth three exemplary formulations storage 
solution suitable for addition to the concentrated (packed) red 
blood cells prepared from one unit of blood. As set forth in 
Table 1, the solution “E-Sol 3” is provided in a volume of 100 
mls, “E-Sol 4” is provided in a volume of 110 ml, and E-Sol 
2 is provided in a volume of 150 ml. Table 2 sets forth the 
amounts of components (in milligrams) with the preferred 
Volumes described above for E-Sol 2, E-Sol 3, and E-Sol 4. 
Table 2 also provides the amounts and volumes of known red 
cell storage solution known as SAG-M. 

TABLE 1 

Component (mmol/L) E-Sol 3 E-Sol 4 E-Sol 2 

Sodium Citrate dihydrate, EP 31.2 28.4 20.8 
Sodium Phosphate dibasic, anhydrous 2S.O 22.7 16.7 
Mannitol, EP SO.O 45.4 33.3 
Adenine, EP 2.O 1.9 1.4 
Dextrose, monohydrate, EP 56.8 S1.6 37.8 

100 mL. 110 mL 150 mL. 
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TABLE 2 

SAG-M E-Sol 2 E-Sol 3 

Sodium citrate dihydrate 918.75 mg 918.75 
Glucose monohydrate 900 mg 1125 mg 1125 mg 
Sodium acid phos. dihydrate 
Sodium phosphate dibasic, anhydrous 355 mg 355 mg 
Adenine 16.9 mg 27.5 mg 27.5 mg 
Mannitol 525 mg 910 mg 910 mg 
Sodium chloride 877 mg 
pH 4.8 8.4 8.4 
Volume 100 ml 150 ml 100 ml 
Osmolarity mosm L' 376 2O6 309 

Red blood cells in storage solutions described herein may 
be stored for extended periods at temperatures ranging from 
about 2°C. to about 6°C. In some embodiments, red blood 
cells may be stored from about 1 to about 60 days. More 
particularly, the red blood cells may be stored from about 10 
to about 58 days, or from about 15 to about 50 days. Typically, 
the preparations may be stored from about 35 to about 50 
days. 
By way of example, but not limitation, illustrations of 

methods of collecting and storing red cells using the storage 
solution described herein are provided. 

EXAMPLE1 

Units of whole blood (450+50 ml per unit) were collected 
by methods known to those of skill in the art and about 63 mls 
of CPD was added for each unit of whole blood. The units of 
whole blood were cooled to room temperature after collection 
using cooling plates (ThermaSureTM, Sebra, Tucson, Ariz., 
USA), and the whole blood units were then held at room 
temperature (about 20° C. to about 24°C.) for 8, 12, 16, or 19 
hours. 

Before concentration of red blood cells, whole blood units 
were leukocyte-reduced using inline whole blood leukocyte 
reduction filters. Red blood cells were concentrated using 
centrifugation to prepare concentrated red blood cell frac 
tions and plasma using a hardspin centrifugation program 
followed by separation with T-ACE equipment (Terumo, 
Leuven, Belgium). 

In Example 1, two different red blood cell additive solu 
tions were added to the units of red blood cell concentrate: 
either 150 ml of E-Sol 2 (test) or 100 ml SAG-M (reference) 
(see Tables 1 and 2). The red blood cell units with additive 
solutions were then stored from 1 to about 42 or about 49 days 
at about 2°C. to about 6° C. 

In vitro results obtained at the indicated time points over 
the 42 or 49 days of storage are presented in Tables3 and 4 and 
in FIGS. 1-5. Different experimental groups are designated 
depending on the hold time of whole blood: groups A or E (8 
hours hold of whole blood), groups B or F (12 hours hold of 
whole blood), groups C or G (16 hours hold of whole blood), 
and groups D or H (19 hours hold of whole blood). 

Various in vitro parameters were evaluated using CA 620 
Celiguard hematology equipment (Boule Medical, Stock 
holm, Sweden). White blood cells (WBC) on day 1 were 
counted in a Nageotte chamber with a standard microscope 
(Zeiss). The concentrations of glucose, lactate and extracel 
lular potassium were determined using routine blood gas 
equipment (ABL 705, Radiometer, Copenhagen, Denmark). 
In addition, the extracellular pH of the stored red blood cells 
was measured (at 37°C.). A HemoCue plasma/low hemoglo 
bin photometer was used for the analysis of hemolysis 
(HemoCue Corp., Angelholm, Sweden). ATP concentrations 
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E-Sol 4 

918.75 mg 
1125 mg 

355 mg 
27.5 mg 
910 mg 

8.4 
110 ml 

281 

were determined using a luminometric technique (Orion, 
Berthold, Pforzheim, Germany) based on methods known in 
the art. Finally, 2.3-DPG concentrations were analyzed using 
a spectrophotometer (Roche kit 148334001). 
The Kruskal-Wallis Analysis of ranks was used for the 

comparison of means of measured values between the E-Sol 
solution and SAG-M stored red blood cell preparations at the 
different holding times. Data are presented as meant SEM 
(n-6 pooled units/group) and the degree of statistical signifi 
cance for individual samples is designated in Tables 3-4 and 
FIGS. 1-5 as ns (not significant), * (p<0.05), * (p<0.01), or 
*** (p<0.001). 

Certain characteristics (e.g., RBC Volume and hemoglobin 
content) of the stored red blood samples are shown in Table 3 
and hemolysis results from Samples taken during at the indi 
cated days during storage (up to 42 or 49 days) are presented 
in Table 4. As shown in Table 4, hematocrits ranged from 
47+3% to 48+3% for red blood cell preparations stored in the 
E-Sol solution of the type disclosed herein compared with 
55+2% to 62+2% in for red blood cell preparations stored in 
the SAG-M groups (Table 4). Table 4 also indicates that 
hemolysis was lower for red blood cells stored in the E-Sol 
solution than in SAG-M. 

Data reflecting red blood cell function and metabolism are 
presented in FIGS. 1-5, generally during 42 days of storage. 
However, 2, 3-DPG measurements were stopped in some 
groups when 2, 3-DPG levels approached Zero and measure 
ments were no longer meaningful, generally after 14-28 days. 
For each holding time of whole blood, the red blood cells 
stored in the E-Sol solution (e.g., E-Sol 2) were compared 
with those of the reference groups, red blood cells stored in 
SAG-M (SAG-M). 

Extracellular pH is one parameter that may be used to 
assess the functionality of stored red blood cells. As illus 
trated in FIG. 1(A), red blood cell preparations which had 
been prepared from whole blood that was held for 8 hours 
before processing and Subsequently stored in the E-Sol Solu 
tion (e.g., E-Sol 2) displayed lower extracellular pH through 
out storage, as compared to the red blood cells in the reference 
group (SAG-M) which were also prepared from whole blood 
held for 8 hours but stored in SAG-M. FIGS. 1(B)-(D) illus 
trate that red blood cells which had been prepared from whole 
blood that was held for 12 hours (FIG. 1(B)), 16 hours (FIG. 
1(C)) or 19 hours (FIG. 1(D)) before processing and subse 
quently stored in the E-Sol solution displayed statistically 
significant reduced extracellular pH at days 1 and 7 of storage, 
as compared to the red blood cells in the reference group 
(SAG-M) which were also prepared from whole blood held 
for 12, 16, and 19 hours but subsequently stored in SAG-M. 
After day 7 of storage there was generally no statistically 
significant difference in extracellular pH between red blood 
cells stored in the E-Sol solution and SAG-M except for the 
whole blood sample held for eight hours. (FIG. 1(A)). 
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As shown in FIGS. 2(A)-(D), there was generally no sta 
tistically significant difference in glucose consumption 
between samples stored in the E-Sol solution or SAG-M. 

Lactate levels are measured as a further indication of the 
properties of stored cells, with higher lactate levels possibly 
indicating that the cells are using the less efficient anaerobic 
glycolysis pathway. As illustrated in FIG. 2(E), red blood 
cells which had been prepared from whole blood that was 
held for 8 hours before processing and subsequently stored in 
a solution as disclosed herein (e.g., E-Sol 2) displayed 
reduced levels of lactate at days 1 and 7 of storage, as com 
pared to the red blood cells in the reference group (SAG-M) 
which were also prepared from whole blood held for 8 hours 
but subsequently stored in SAG-M. FIGS. 2(F)-(H) illustrate 
that red blood cells which had been prepared from whole 
blood held for 12 hours (FIG. 2(F)), 16 hours (FIG. 2(G)) or 
19 hours (FIG. 2(H)) before processing and subsequently 
stored in E-Sol 2 displayed statistically significant reduced 
levels of lactate throughout the majority of the storage period, 
as compared to the red blood cell preparations in the reference 
group (SAG-M) which were also prepared from whole blood 
held for 12, 16, and 19 hours but subsequently stored in 
SAG-M. 

Adenosine triphosphate (ATP) levels were also measured, 
with higher ATP levels generally predicting better cell func 
tionality. As illustrated in FIGS. 3 (A)-(C), storage of red 
blood cells in an E-Sol solution of the type described herein 
generally results in increased levels of ATP as compared to 
red blood cells stored in SAG-M. For red blood cells prepared 
from whole blood held for 8 hours (FIG. 3(A)) before pro 
cessing, Subsequent storage in the E-Sol Solution as compared 
to storage in SAG-M results in statistically significant 
increased ATP concentrations from day 14 through day 42. 
For red blood cells prepared from whole blood held for 12 
hours (FIG. 3(B)) before processing, storage in an E-Sol 
Solution as compared to storage in SAG-M results in statisti 
cally significant increased ATP concentrations at days 21, 35. 
and 42 of storage. For red blood cells prepared from whole 
blood held for 16 hours (FIG. 3(C)) before processing, stor 
age in an E-Sol Solution as compared to storage in SAG-M 
resulted in statistically significant increased initial ATP con 
centrations which persisted through day 14. 

In red blood cell preparations stored in an E-Sol solution as 
described herein, concentrations of 6-7 umol ATP/g hemo 
globin were seen during 5 weeks of storage (FIG.3(A)-(D)), 
well above the level where adverse consequences may occur 
(below 2-3 umol ATP/g hemoglobin: Hess et al.; Transfusion 
2002:42: 747-752.) 
As illustrated in FIGS. 4(A)-(D), blood cells which had 

been prepared from whole blood that was held for 8 (FIG. 
4(A)), 12 (FIG.4(B)), 16 (FIG.4(C)), or 19 hours (FIG.4(D)) 
before processing and Subsequently stored in an E-Sol Solu 
tion displayed statistically significant reduced levels of extra 
cellular potassium throughout storage, as compared to the red 
blood cells in the reference group (SAG-M) which were also 
prepared from whole blood held for the same period but 
subsequently stored in SAG-M. This result is also statistically 
significant if potassium concentration is determined as func 
tion of the number of units of blood (mmol/unit of blood). 
(FIG. 11). As increased extracellular potassium levels are 
believed to be predictive of decreased cell viability and 
increased hemolysis, these results are a further indication that 
the solutions described herein are preferable to certain stor 
age solutions such as SAG-M. 

In FIGS.5(A)-(D), the ATP levels in red blood cells during 
storage are shown as the mean percentage of the initial (day 1 
of storage) mean ATP concentration of each set of samples. 
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10 
For red blood cells prepared from whole blood held for 8 
(FIG.5(A)), 12 (FIG.5(B)), 16 (FIG.5(C)), or 19 (FIG.5(D)) 
hours and Subsequently stored in a solution as described 
herein (e.g., E-Sol 2), the mean levels of ATP remained well 
above 50% of meaninitial (day 1) levels, even after 42 days of 
storage. In contrast, for red blood cell preparations held for 12 
(FIG. 5(B)), 16 (FIG. 5(C)), or 19 (FIG. 5(D)) hours and 
subsequently stored in SAG-M, mean ATP levels fell to less 
than 50% of meaninitial levels by day 42 of storage. Only the 
red blood cells prepared from whole blood held for 8 hours 
and subsequently stored in SAG-M maintained mean ATP 
levels above 50% of the mean initial value by day 42 of 
storage. These results indicate that storage of red blood cells 
in solutions of the type described herein are preferable for 
maintaining ATP levels throughout storage. 

2,3-diphosphoglycerate (2, 3-DPG) is a further parameter 
used to measure the properties of stored cells. Redblood cells 
depleted of 2, 3-DPG will have a left-shifted oxygen disso 
ciation curve that is associated with increased oxygen affinity 
and probably a less effective Supply of oxygen to cells and 
tissues. After transfusion, red blood cells with low 2, 3-DPG 
levels are thought to normalize within 2-3 days. (Högman et 
al.; Transfus Med Rev 1999: 13:275-296.) As illustrated in 
FIG. 3(E), storage of red blood cells prepared from whole 
blood held for 8 hours and subsequently stored in an E-Sol 
solution of the type as disclosed herein (e.g., E-Sol 2) resulted 
in statistically significant higher concentrations of 2, 3-DPG, 
as compared to the red blood cells prepared from whole blood 
held for 8 hours but subsequently stored in SAG-M. 2, 3-DPG 
is present for about 10 days in SAG-M when red blood cells 
are prepared within 8 hours after blood collection whereas 
2,3-DPG levels appear to be maintained for at least 21 days 
for red blood cells stored in the E-Sol solution. In addition, 
FIGS. 3(F)-(G) indicate that red blood cells prepared from 
whole blood held for 12 and 16 hours respectively also dis 
played Statistically significant higher concentrations of 2. 
3-DPG when stored in an E-Sol solution than when stored in 
SAG-M. For instance, statistically significant higher levels of 
2, 3 DPG were observed in red blood cells prepared from 
whole blood held for 12 hours and stored in an E-Sol solution, 
than that observed in red blood cells prepared from whole 
blood held for either 8 or 12 hours and subsequently stored in 
SAG-M (FIGS. 3 (E) and (F)). 

Results from this study appear to indicate that as compared 
to SAG-M, the solutions described herein are more effective 
red blood cell storage solutions after the whole blood has been 
first held for a period of time. For example, as shown and 
discussed above, red blood cells prepared from whole blood 
held for 8 hours and then stored in an E-Sol solution (e.g., 
E-Sol 2) displayed improvement in ATP and 2.3-DPG levels 
as compared to storage in SAG-M under the same conditions 
(see for example, FIG. 3). Red blood cells prepared from 
whole blood held for 8 hours at room temperature and stored 
in an E-Sol solution have in vitro characteristics which are 
similar to or better than those for blood that has not been held. 
These in vitro characteristics, such as the concentrations of 
ATP and 2, 3-DPG, appear to be maintained for several 
weeks. Similarly, red blood cells prepared from whole blood 
held for 12 hours before processing and Subsequently stored 
in an E-Sol solution have higher concentrations of ATP and 2. 
3-DPG than red blood cells prepared from whole blood held 
for either 8 or 12 hours and then stored in SAG-M over the 
entire storage period. In addition, reduced levels of hemolysis 
were observed at day 42 of storage for red blood cells stored 
in E-Sol 2 as compared to red blood cells stored in SAG-M. 
For instance, red blood cells prepared after holding whole 
blood for 12 hours at room temperature and then stored in an 
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E-Sol solution of the type disclosed herein (e.g., E-Sol 2) 
displayed lower levels of hemolysis at day 42 of storage than 
red blood cells prepared from whole blood held for only 8 
hours and subsequently stored in SAG-M. 

12 
blood. The whole blood was then held at room temperature 
(approximately 22°C.) for 21-23 hours. Concentrated red 
blood cells were prepared from each unit by centrifugation 
using standard methods. For each unit of whole blood, 100 

5 mls of storage solution of the type disclosed herein (e.g., 
E-Sol 3 of Table 2) was added to the concentrated red blood 
cells. The resuspended cells were then held for 2 hours at 
room temperature and then passed through a filter (soft hous 
ing red cell filter, Fenwal) to deplete leukocytes. The leuko 

Whole blood holding 8h 12h 16h 19h 10 cyte-depleted red blood cell fraction was then stored (RBC 
RBC volume (ml) storage bag, Optipure RC Set, Fenwal) at 4° C. until the 

completion of the study. 

TABLE 3 

RBC Volume and Total Hemoglobin content (g/unit) in 
RBC units stored in SAG-M and E-Sol 2 at day 1. 

SAG-M 284 - 15 286 17 290 - 15 288 - 18 Samples were taken during processing and at days 1, 7, 14. 
so 2 336 12 332 12 33s. 10 342: 22 21, 28, 35, 42, 49, and 56 for analysis of intracellular ATP 

RBC haemoglobin content (g/unit) levels, hemolysis, glucose and lactate concentration by meth 
ods known to those of skill in the art and as described previ 

SAG-M 51 - 4 525 S3 4 575 ously. (See, Högman et al., 2002 Transfusion Vol. 42 pg. 
isol 2 s 5 s 3 s 4 s 6 824-829, for an example of sample processing). The charac 

teristics of the red blood cell preparations are shown in Table 
Six units were included in each group except for “E-Sol 2, 19 h” (5 units). * 5 and results of assays obtained from Samples during storage 
P- result of Mann-Whitney U-test comparing E-Sol 2 and SAG-M at each holding time. are seen in Table 6 and FIGS. 6-9. 

Signia On day 1, all tested red blood cell samples passed the 
** for P < 0.01 and European Union requirements for hematocrit, minimum level 
*** for P & 0.001. of hemoglobin, residual contaminating leukocytes, and 

reduced hemolysis (Table 6 and FIGS. 6-9) 
TABLE 4 

Hemolysis in RBC units during storage in SAG-M and E-Sol 2. 

Storage day 

O 7 14 21 28 35 42 49 
Whole Blood Holding Hemolysis (%) 

SAG-M 8 h (A) O.O8 OO1 O.O8 O.O2 O.12 O.OS O.14 O.OS O.16 O.OS O.21 OO6 O3O O.OS 
E-Sol 2 8 h (A) O. 10 OO1 O.11 - O.O1 O.12 0.04 O.11 - O.O1 10.14 O.OS O.13 - O.O4. O.16 O.04 
P : S S S S : :::::: 

SAG-M 12 h (B) O.O8 OO1 O.18 O.O8 O-26 - 0.15 O31 O.18 O.29 O.13 O49, O-23 O.S2O.17 
E-Sol 2 12 h (B) O. 10 OO1 O.11 - O.O2 O.2O 0.11 O.19 O.O8 O.17 O.10 O.27 O.11 O23 O.08 
P :::::: S S S S S : 

SAG-M 16 h (C) O.O8 O.O3 O.12 OO6 O.2O 0.14 O.29 O.O9 O.380.15 O41 O.1O O.53 - 0.16 
E-Sol 2 16 h (C) O.23 O.32 O.21 O20 O3O 0.39 O.35 - 0.36 O.12 O.04 O42 (0.47 0.41 - 0.45 
P : S S S : S S 

SAG-M 19 h (D) O.O7 O.O2 O.2O. O.O7 O.18 0.08 O.260.13 O.31 O.14 O41 O.18 OS4 O.22 
E-Sol 2 19 h (D) O. 10 OO1 O.16. O.12 O.18 0.17 O.19 O.20 O.22 O.27 O.26 O.34 0.34 - 0.40 O44- O.S1 
P : S S S S S S 

Six units were included in each group except for “E-Sol 2, 19 h” (5 units). 
p-Result of Kruskal-Wallis test comparing E-Sol 2 and SAG-M at each holding time 
Ns means not significant 
* for p < 0.05, 
** for p < 0.01, 
*** for p < 0.001 

50 

EXAMPLE 2 During storage in an E-Sol Solution (e.g., E-Sol 3) hemoly 
sis of the red blood cells rose to 0.52+0.38% on day 56, which 
was still below the EU (European Union) required limit 
(Table 6 and FIG. 7). In /6 of these units hemolysis was 
>0.8%. Glucose was adequate even at day 56 (Table 6 and 

In another example, six units of whole blood were col 
lected by methods known to those of skill in the art using 
approximately 70 mls of CPD anticoagulant per unit of whole FIG. 8). 

TABLE 5 

EP Whole Before After Leuko-reduce 
Parameter QC criteria Blood Erythro-Sol3 Erythro-Sol3 RCC 

Volume (mL) SOO 14 2O3 19 3264 21 254 - 20 
Ht (LL) OSO-O.70 O.36 O.O2 NR O.64 OO1 O.S7 O.O2 
Volume Red 179 - 12 NR 168 16 144 - 15 
Blood Cells (mL) 
Hb (g/unit) min 40 615.4 NR S9 6.5 51 6.5 

(90% unit) 
Red Cells 2.05 - O20 NR 2.01 - O.24 1.72 O.21 
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TABLE 5-continued 

EP Whole Before After 
Parameter QC criteria Blood Erythro-Sol3 Erythro-Sol3 

(x102/U) 
Leukocytes <1 x 10/unit 2.63 O.80 NR 2.54 - 0.11 
(x10/U) by count (90% 

of the units 
tested) 

Platelets 78.7 19.8 NR 8.88 - 4.38 
(x10/U) 

It has been suggested that samples having an ATP level 
greater than 2.7 umol/g Hb and less than 0.2% hemolysis will 
have an 80% probability of meeting a limit of 75% of the red 
blood cells surviving 24hr after transfusion. (Heaton, W. A. 
L., Evaluation of posttransfusion recovery and survival of 
transfused red cells. Transf. Med. Rev. 1992, 6:153-169.) As 
seen in Table 6 and FIG. 6, the ATP levels in red blood cells 
prepared from whole blood held from 21 to 23 hours before 
processing and stored in an E-Sol Solution Such as E-Sol 3 are 
above 2.7 umol/g Hb even after 35 days of storage with 
hemolysis is at 0.2%. In addition, hemolysis of the red blood 
cells stored in E-Sol3 also remained below the EU required 
limit (<0.8%) even on day 56 of storage. 

15 

14 

Leuko-reduce 
RCC 

O.09: 0.11 

17 O.S 

It will be appreciated that weighing components or other 
wise expressing the concentrations of components, some 
experimental variability is expected. The present invention 
employs the terms “about' or “approximately' to reflect this 
variability. This variability is typically plus or minus 5% and 
usually less than 10%. 

It will be understood that the embodiments described 
above are illustrative of some of the applications of the prin 
ciples of the present Subject matter. Numerous modifications 
may be made by those skilled in the art without departing 
from the spirit and scope of the claimed subject matter, 
including those combinations of features that are individually 

TABLE 6 

Requirements 
Day 1 Day 14 Day 35 Day 42 Day 56 (a-b) 

Volume, mL 254 - 20 243 19 23O 19 225 19 21 6 19 - 
Ht (%) 0.57+ 0.02 0.56 + 0.02 0.54 + 0.02 0.55 + 0.02 0.56+ 0.03 (a) 0.50-0.70 
Hb,g 51 6.5 496.O 465.7 445.8 43 + 5.9 (a) Min 40 (90% 

unit) 
Hemolysis 0.04+ 0.02 0.18 + 0.05 0.20 + 0.04 0.25 + 0.08 0.52 + 0.38 (a) <0.8% 
(%) 
ATP, Imol/g 5.71 + 0.60 5.37 + 0.57 3.23 + 0.43 2.71 + 0.39 1.47 + 0.26 (b) >2.7 mol/g 
Hb Hb 
2,3 DPG, 3.50 - 1.O 1.04 O.7 O.12 0.11 Below Below 
Imolig Hb detection detection 

limit limit 
Glucose, 31.8 23 24.81.8 18.4 2.3 16.5 - 23 14.5 + 2.6 — 
mmol/L. 

(a) EU Standard, 13th edition of Council of Europe 

EXAMPLE 3 disclosed or claimed herein. For these reasons, the scope 

Red blood cell storage solutions according to the disclo 
Sure were also assessed using red blood cells separated from 
whole blood with an automated red blood cell collection 
system (Alyx, Fenwal, Inc.). In this case, the whole blood was 
not held before separation into blood components. Also, the 
ACD-A (acid, citrate, dextrose) anticoagulant was used 
instead of CPD. Separated red blood cells were stored with 
either E-Sol 2, E-Sol 3, E-Sol 4 or SAG-M for up to 42 days 
and various cellular parameters assessed using methods 
described previously. 
As shown in FIG. 12, red blood cells separated with an 

automatic collection system and then stored in either E-Sol 2, 
E-Sol 3 or E-Sol 4 showed statistically significant lower 
hemolysis throughout from about day 5 of the storage period 
compared to cells stored in SAG-M. As degree of hemolysis 
is generally considered as the single best indicator of cell 
function, these results indicate that the E-Sol solutions dis 
cussed herein (e.g., E-Sol 2, E-Sol 3 and E-Sol 4) are blood 
storage solutions capable of providing improved red cell 
functionality when compared to other known storage solu 
tions. 

45 
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hereof is not limited to the above description. 
We claim: 
1. A synthetic aqueous solution for the storage of red blood 

cells that have been separated from whole blood wherein said 
synthetic aqueous solution consists of adenine, mannitol, 
Sodium citrate, Sodium phosphate dibasic, and glucose in 
concentrations of: 

1 mM to 2.2 mMadenine; 
20 mM to 110 mM mannitol; 
2.2 mM to 90 mM sodium citrate; 
16 mM to 30 mM sodium phosphate dibasic; and 
20 mM to 70 mM glucose, 
wherein the pH of the synthetic aqueous solution is 

between 8.0 and 9.0. 
2. The synthetic aqueous solution of claim 1, wherein the 

volume of the solution is approximately 100-110 ml. 
3. The synthetic aqueous solution of claim 1, wherein said 

adenine, mannitol, Sodium citrate, Sodium phosphate dibasic, 
and glucose are present in concentrations of 2.0 mMtless 
than 10% adenine; 50 mMtless than 10% mannitol; 31.2 
mMtless than 10% sodium citrate; 25.0 mMitless than 10% 
sodium phosphate dibasic; and 56.8 mMtless than 10% glu 
COSC. 
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4. The synthetic aqueous solution of claim 1, wherein said 
adenine, mannitol, sodium citrate, sodium phosphate dibasic, 
and glucose are present in concentrations of 1.9 mMtless 
than 10% adenine; 45.4 mMtless than 10% mannitol; 28.4 
mMtless than 10% sodium citrate; 22.7 mMitless than 10% 
sodium phosphate dibasic; and 51.6 mMtless than 10% glu 
COSC. 

5. A synthetic aqueous solution of for the storage of red 
blood cells that have been separated from whole blood con 
sisting of adenine, mannitol, sodium citrate, sodium phos 
phate dibasic, glucose and at least one of acetate and gua 
nosine in concentrations of: 

10 mM to 100 mM acetate ion; and 
0.1 mM to 2.0 mM guanosine: 
1 mM to 2.2 mMadenine: 
20 mM to 110 mM mannitol; 
2.2 mM to 90 mM sodium citrate: 
16 mM to 30 mM sodium phosphate dibasic; and 
20 mM to 70 mM glucose, 
wherein the pH of the synthetic aqueous solution is 

between 8.0 and 9.0. 
6. A synthetic aqueous solution for the storage ofred blood 

cells that have been separated from whole blood consisting of 
adenine, mannitol, sodium citrate, sodium phosphate dibasic 
and glucose in concentrations of: 

1 mM to 2.5 mMadenine: 
20 mM to 110 mM mannitol; 
3 mM to 90 mM sodium citrate: 
15 mM to 40 mM sodium phosphate dibasic; and 
20 mM to 140 mM glucose, 
wherein the pH of the synthetic aqueous solution is 

between 8.0 and 9.0. 
7. The synthetic aqueous solution of claim 6, wherein the 

Volume of the synthetic aqueous solution is approximately 
100-110 ml. 

8. The synthetic aqueous solution of claim 6, wherein the 
Volume of the synthetic aqueous solution is approximately 
105 ml. 

9. A synthetic aqueous solution for the storage ofred blood 
cells that have been separated from whole blood consisting of 
adenine, mannitol, sodium citrate, sodium phosphate dibasic, 
glucose and at least one of acetate ion and guanosine in the 
concentrations of: 

1 mM to 2.5 mMadenine: 
20 mM to 110 mM mannitol; 
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3 mM to 90 mM sodium citrate; 
15 mM to 40 mM sodium phosphate dibasic; and 
20 mM to 140 mM glucose, 
wherein the pH of the synthetic aqueous solution is 

between 8.0and 9.0; further 10 mM to 100 mM acetate 
ion; and 0.1 mM to 2.0 mM guanosine. 

10. A method for storing red blood cells comprising the 
steps of: 

providing a unit of anticoagulated whole blood, 
holding the whole blood from about four hours to about 

twenty-six hours; 
separating the red blood cells from the whole blood; and 
adding to the separated red blood cells the aqueous syn 

thetic solution of claim 5, 6, or 9. 
11. The method of claim 10 comprising adding from about 

90 ml to 120 ml of said aqueous storage solution to said red 
blood cells. 

12. The method of claim 11 comprising adding from about 
100 ml to 110 ml of said aqueous storage solution to said red 
blood cells. 

13. The method of claim 10 wherein the concentration of 
said sodium phosphate dibasic is from about 22 mMtless 
than 10% to 28 mMtless than 10%. 

14. The method of claim 10 wherein said aqueous storage 
solution comprises: 2.0 mMadeninetless than 10%: 50 mM 
mannitoltless than 10%; 31.2 mM sodium citrate:tless than 
10%; 25.0 mM sodium phosphate dibasicitless than 10%; and 
56.8 mM glucosettless than 10%. 

15. The method of claim 10 wherein said aqueous storage 
solution comprises: 1.9 mM adeninetless than 10%; 45.4 
mM mannitoltless than 10%; 28.4 mM sodium citrate:tless 
than 10%; 22.7 mM sodium phosphate dibasicitless than 
10%; and 51.6 mM glucosettless than 10%. 

16. The method of claim 10 wherein the pH of the aqueous 
storage solution is from 8.3:tless than 5% to 8.5:tless than 5%. 

17. The method of claim 10 further comprising storing said 
red blood cells in said aqueous solution for at least 35 days 
wherein said red blood cells retain cell functionality during 
said storing as measured by degree of hemolysis. 

18. The method of claim 10 further comprising storing said 
red blood cells in said aqueous solution for at least 35 days 
wherein said red blood cells retain cell functionality during 
said storing as measured by retention of at least 50% of initial 
ATP in said red blood cells. 
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